We used differential display analysis to identify mRNAs that accumulate to enhanced levels in human cytomegalovirus-infected cells as compared with mockinfected cells. RNAs were compared at 8 hr after infection of primary human fibroblasts. Fifty-seven partial cDNA clones were isolated, representing about 26 differentially expressed mRNAs. Eleven of the mRNAs were virus-coded, and 15 were of cellular origin. Six of the partial cDNA sequences have not been reported previously. All of the cellular mRNAs identified in the screen are induced by interferon ␣. The induction in virus-infected cells, however, does not involve the action of interferon or other small signaling molecules. Neutralizing antibodies that block virus infection also block the induction. These RNAs accumulate after infection with virus that has been inactivated by treatment with UV light, indicating that the inducer is present in virions. We conclude that human cytomegalovirus induces interferon-responsive mRNAs.
Human cytomegalovirus (HCMV) alters gene expression through multiple pathways. For example, the virion gB and gH glycoproteins induce cellular transcription factors when they interact with their cell surface targets (1) . Virion proteins, such as pp71 (2) (3) (4) , activate transcription (5); and viral proteins synthesized after infection, such as IE1 and IE2, regulate expression from a variety of promoters (6) (7) (8) (9) (10) . Further, HCMV infection has been shown to perturb cell cycle progression (11) (12) (13) (14) , which leads to changes in gene expression.
Viral factors, induced cellular factors, and changes in cell cycle progression have the potential to exert profound effects on host cell gene expression, but relatively few cellular genes have been identified whose activity changes after HCMV infection (15) . A more global understanding of HCMVinduced changes in cellular gene expression should help us to better understand how the virus interacts with its host cell during the replication process and might direct us to new targets for therapeutic intervention in HCMV disease.
We used differential display analysis (16, 17) to catalog changes in cellular RNA levels that occur after HCMV infection, and we identified 15 cellular RNAs that accumulate to higher levels in infected cells than in uninfected cells. We sequenced the cDNA segments, and six of 15 sequences have not been reported previously. All 15 RNAs accumulate in response to interferon ␣, and their induction is mediated by the virus particle.
MATERIALS AND METHOD
Cells and Viruses. Primary human foreskin (HF) cells were cultured in medium containing 10% fetal calf serum. Cells were held at confluence for 3-4 days before experimentation. To avoid cell stimulation by fresh serum, treated confluent cultures were returned to the medium in which they were previously maintained. HF cells were treated with 500 units͞ml of interferon ␣ or ␤ (Sigma) for 4 hr, and 100 g͞ml of cycloheximide was used to block protein synthesis.
HF cells were infected with HCMV strain AD169 (18) , Towne (19) , or Toledo (20) . Wild-type adenovirus, dl309 (21) , and herpes simplex virus type 1 (HSV-1) also were used. Infections with HCMV or HSV-1 were at a multiplicity of five plaque-forming units͞cell, and adenovirus was used at 30 plaque-forming units͞cell. For UV inactivation, 5 ml of HCMV stock was placed in a 15 cm-diameter dish and irradiated at 2J͞m 2 per sec for 10 min with mixing every 2 min. UV-treated stocks failed to produce detectable IE1 and IE2 protein at 8 or 36 hr after infection. For neutralization, 50 l of HCMV stock was incubated with 20 l of human neutralizing antibody (pooled sera from HCMV antibody positive donors; gift from Jay Nelson, University of Oregon) for 1 hr at room temperature. Neutralization was confirmed by plaque assay. HCMV particles were concentrated and purified as described (22) . HCMV membrane and tegument͞capsid proteins were separated by detergent stripping (23) .
Differential Display Assay. For differential display analysis (16) (17) , HF cells were mock-infected or infected with AD169 or UV-inactivated AD169. Total RNA was isolated 8 hr later by using the TRIZOL Reagent (Life Technologies, Grand Island, NY). First-strand cDNAs were synthesized by using oligo(dT) as primer, amplified in parallel PCRs in the presence of [ 33 P]dCTP by using 135 combinations of 19 primers (CLON-TECH), and products were separated by electrophoresis on 5% polyacrylamide gels containing 8 M urea. Differentially expressed bands were cut out of the gel, reamplified, cloned into the pT7Blue T-Vector (Novagen), and sequenced, and the results were analyzed by BLAST search (National Center for Biotechnology Information).
Assays for RNAs and Proteins. For Northern blot assays 5 g of RNA was probed with random hexanucleotide-primed 32 P-labeled cDNA clones. The probes for mxA, isg15K, and interferon ␤ were the partial cDNA sequences from I.M.A.G.E. Consortium clones (Genome Systems, St. Louis). For Western blot assays, three mouse mAbs that recognize HCMV proteins, anti-IE1͞IE2 (mAb810, Chemicon), antipp65 (2), and anti-glycoprotein B (Goodwin Institute, Plantation, FL), were used as the primary antibodies. mAb810 and anti-pp65 also were used for immunofluorescent staining.
RESULTS
Analysis of Cytomegalovirus-Induced RNAs. HCMV could alter host cell gene expression through the action of virion proteins or by the synthesis of new viral proteins after infection. To distinguish between these possibilities, we compared competent virus (HCMV) to UV-inactivated virus (UV HCMV). To test the effect of UV treatment, the delivery of the pp65 virion protein to the cells and the synthesis of the IE1 and IE2 immediate-early proteins were monitored. UV irradiation did not affect viral entry into the cells because the amount of pp65 delivered to the cells did not change with UV treatment (Fig. 1A) . The IE1 and IE2 proteins were detected at 8 and 21 hr after infection in HCMV-infected cells, but not in UV HCMV-infected cells (Fig. 1 A) . Inhibition of viral RNA accumulation in UV HCMV-infected cells was also evident. The IE1 transcript could be detected at 8 hr after infection in HCMV-infected cells, but not in UV HCMV-infected cells (Fig. 1B) . We also determined the location of a virion protein in cells infected with UV-treated virus. pp65 was visible in nuclei at 2 hr after infection with either HCMV or UV HCMV ( Fig. 1C 1 and 2 ). As expected, nuclear IE1 protein was detected in HCMV-infected, but not in UV HCMV-infected, cells ( Fig. 1C 3 and 4) . These experiments show that UV irradiation of virions blocked the accumulation of detectable amounts of HCMV-encoded RNA without preventing the entrance of the virus into the cell or altering the intracellular localization of a virion protein.
We compared RNA levels by differential display (16, 17) , giving them an opportunity to influence host cell mRNA accumulation. PCR-generated bands that were evident in virus-infected, but not mock-infected, samples could be divided into two groups. One group contained an induced band that was present in the HCMV-infected sample, but not in the UV HCMV-infected sample. The induced bands in this group could be derived from either viral or cellular RNAs. The second group contained induced bands in both HCMV-and UV HCMV-infected samples. These bands should represent cellular RNAs that accumulate after infection, because viral mRNAs are not produced in UV HCMV-infected cells (Fig.  1B) .
We chose 71 of the most strongly induced PCR-generated bands for analysis. DNA fragments were reamplified by PCR, cloned, and used as probes for Northern blot analyses to confirm that the bands represented differentially expressed genes. Examples of these assays are displayed in Fig. 2A . Most of the cloned cDNA segments identified RNAs that were present at very low or nondetectable levels in mock-infected cells, but accumulated to a high level in infected cells. cDNA clones representing up-regulated RNAs were isolated from 57 of the 71 reamplified fragments. Each clone is termed a cig for cytomegalovirus inducible gene.
Thirty of 57 cig RNAs were induced by HCMV, but not UV HCMV, infection, and sequence analysis revealed that all of these clones corresponded to viral RNAs (data not shown). Two of the viral RNAs were produced after infection in the presence of cycloheximide, identifying them as immediateearly RNAs, and the synthesis of the others was inhibited by the drug, indicating that they are early RNAs (Fig. 2B and data not shown).
Infection with either HCMV or UV HCMV led to the accumulation of 27 of the 57 cig RNAs, and sequence analysis demonstrated that they correspond to as many as 15 different cellular genes (Table 1) . Nine were previously identified, and the other six were not found in a BLAST search. Surprisingly, most of the known RNAs previously were shown to be induced by interferon ␣. The nine previously described RNAs were induced by interferon ␣ in HF cells, as were the six new RNAs (Fig. 2C and data not shown) . The RNAs were induced by both virus infection and interferon ␣ in three lots of HF cells derived from different individuals (data not shown). Because the RNAs induced by infection corresponded to interferoninducible genes, it seemed possible that other interferonstimulated genes might be induced by HCMV. As expected, RNAs corresponding to mxA (33, 34) , ISG15K (35, 36) , and interferon ␤ (37) also were induced (Fig. 2C) . As controls, we tested the expression of p53, p21, cytosolic phospholipase A2 (cPLA2), and actin. The level of these RNAs did not change after infection (Fig. 2D and see Fig. 5 ).
HCMV Particles Induce the Accumulation of cig RNAs
Encoded by Cellular Genes. The differential display analysis used the laboratory-adapted AD169 strain of HCMV. Towne, a second laboratory-adapted HCMV strain, and Toledo, a low passage clinical isolate of HCMV, also strongly activated the accumulation of cell-coded cig RNAs (Fig. 3A , lanes 10 and 11). Adenovirus did not activate the accumulation of cig RNAs and HSV-1 increased their expression to a very limited extent (Fig. 3A, lanes 8 and 9; see Fig. 5 ). The expression of an adenovirus and HSV-1 mRNA was monitored to be certain that cells were successfully infected (data not shown). Thus, whereas multiple HCMV strains strongly induced cig RNA accumulation, two other viruses did not.
To ask if cellular protein synthesis was required for the induction of cellular interferon responsive RNAs, cells were infected in the presence of cycloheximide. It did not block the induction of cig RNAs by HCMV, and the drug itself had no effect on cig RNA expression (Fig. 3A, lanes 4 and 5) . This result indicates that the accumulation of cig RNAs does not require the synthesis of viral or cellular proteins after infection. It also rules out the possibility that a protein factor, such as a cytokine, is synthesized in response to the infection, and released from the cell so that it can interact with a cell surface receptor to induce cig RNAs.
Because infected cell lysates were used as virus stocks in our initial experiments, it was possible that soluble signaling molecules were present that could mediate the induction of RNAs encoded by the cell. We therefore performed a series of experiments to identify the component in HCMV stocks that was responsible for the induction. Initially, an HCMV stock was separated into two fractions by filtration through a 100-kDa cutoff membrane. The virus fraction was further purified by rate-velocity centrifugation, separating infectious virions and noninfectious enveloped particles (NIEPs, lacking viral DNA). The filtered lysate, purified virions, and NIEPs were used to treat cells, and their abilities to induce the accumulation of cig RNAs were assayed. Purified virions and NIEPs activated cig RNA accumulation (Fig. 3A, lanes 6 and 7) , whereas the filtered lysate had little effect (Fig. 3A, lane 3) . To prove that small molecules could pass through the filter, interferon ␣ (500 units͞ml) was added to the infected cell lysate, and there was no detectable loss of interferon activity after filtration (Fig. 3A, lanes 13 and 14) .
We used neutralizing antibodies to demonstrate that the activation of cig RNA accumulation is mediated by HCMV particles and not by interferon. When the virus stock was incubated with polyclonal antibody to virions (pooled human sera), its ability to induce cig RNAs was blocked, whereas antibody to interferon ␣ or ␤ had no effect (Fig. 3B) . The same amounts of interferon-specific antibodies were sufficient to block interferon ␣ or ␤ activity in uninfected cultures (Fig. 3B) . We conclude that the HCMV particle or a molecule tightly associated with the particle initiates the induction of cellular cig RNAs. Expression of viral genes is not required, because purified NIEPs and UV HCMV can induce cig RNAs. We next explored the possibility that interferon might be carried within the HCMV particle. Purified viral particles were treated with Triton X-100 (0.5%) and deoxycholate (0.5%) and subjected to centrifugation to produce a supernatant fraction containing HCMV membrane proteins and a pellet containing internal virion constituents. With detergent treatment, pp65 (a marker for the tegument͞capsid fraction) was in the pellet fraction and gB (a marker for the membrane fraction) was in the supernatant fraction. Without detergent treatment, the particle remained intact, and both pp65 and gB were in the pellet fraction (data not shown). As expected, without detergent treatment, the pellet fraction, but not supernatant fraction, activated cig RNA accumulation; with detergent treatment, neither the pellet fraction, nor supernatant the fraction activated the accumulation (Fig. 4A) . When interferon ␣ was treated with the detergent mixture, its activity was not affected (Fig. 4A) . This experiment indicates that the intact virus particle is required for the induction of cig RNAs, and further argues that this induction is not because of contaminating interferons.
Our results argue that the induction of cell-coded cig RNAs does not result from contaminants in HCMV preparations or from newly synthesized signaling proteins. Nevertheless, one might propose that a trace amount of a signaling molecule is stored in the cell, secreted after infection, and then acts at the surface of neighboring cells to induce cig RNAs. Accordingly, we performed an experiment in which uninfected cells and cells infected 1 hr earlier were mixed in a ratio of 9:1, and a sufficient number of cells were plated to generate a confluent monolayer. At the same time, 100% infected cells or 100% noninfected cells were plated at the same density. RNA was prepared at 8 hr after infection, and the expression of cig RNAs and the HCMV IE1 RNA were assayed. The viral and cig RNAs were induced in the infected culture, but not in the uninfected culture (Fig. 4B) . The RNA levels were induced to the same extent in the mixed culture as was seen for an uninfected͞infected (ratio, 9:1) cell mixture prepared immediately before the extraction of RNA (Fig. 4B) . Infected cells (Fig. 5) . Accumulation was first evident at 4-6 hr after infection with HCMV, cig RNA levels peaked at about 8 hr, and remained at high levels for the duration of the experiment (48 hr). The HCMV IE1 gene showed a similar expression pattern. The induction of cig RNA expression in cells treated with interferon ␣ was more rapid and transient. The cig RNAs were detected at 30 min and reached their peak at 2-4 hr before declining. The marked difference in the kinetics of cig RNA accumulation in HCMV-infected cells as compared with interferon-treated cells further supports the conclusion that the induction observed subsequent to HCMV infection is not the result of contaminating interferon in virus preparations.
In HSV-1-infected cells, the induction of cig RNAs was very limited (Fig. 5) , consistent with the view that the strong induction of cig RNA accumulation observed in HCMVinfected cells is not a common cellular response to all herpes viruses. As a control, the HSV-1 icp47 immediate-early gene was shown to be expressed at a high level, demonstrating that the culture was successfully infected.
DISCUSSION
We cloned 57 cDNA segments corresponding to RNAs that are present at a higher concentration in HCMV-infected human fibroblasts as compared with mock-infected human fibroblasts. The 57 clones represent no more than 26 different mRNAs because some of the RNAs corresponded to more than one cDNA fragment generated by different primer sets. Six of the partial cellular cDNAs were not found in a BLAST search, and we have determined the complete sequence of one of the newly discovered RNAs. Because the others are only partially sequenced, more than one of the remaining five sequences might be contained within the same RNA molecule. However, only two of the five partially sequenced clones appear to recognize RNAs of similar size (Fig. 2 and data not  shown) .
Of the 26 cDNA clones, 11 were virus-coded. All of the immediate-early and some early HCMV mRNAs should have accumulated to detectable levels when cells were harvested at 8 hr after infection; and partial cDNA clones corresponding to both classes of viral RNA were isolated. The screen identified two of approximately 10 immediate-early mRNAs. One cannot accurately estimate the total number of HCMV early mRNAs expressed at 8 hr because the number increases continually from about 4-24 hr after infection (15) . Given the uncertainties about the number of different viral mRNAs present, it is difficult to estimate accurately the proportion of HCMV RNAs that were identified in the differential display analysis. However, because we identified two of about 10 immediateearly mRNAs, it seems likely that the screen identified substantially less than half of the viral mRNAs that were present, even though multiple clones were isolated that corresponded to several of the viral transcripts. Partial cDNA clones corresponding to the most abundant immediate-early (IE1͞IE2: refs. 38 and 39) and early (TRL4: ref. 40 ) mRNAs were isolated, so our screen likely favored the identification of the more plentiful species.
Given the proportion of immediate-early viral mRNAs that were identified in the screen, it seems likely that we also identified substantially less than half of the cellular RNAs that were induced at 8 hr after infection. Nevertheless, multiple partial cDNA clones corresponding to some of the cellular transcripts were isolated (Table 1 ). In fact, eight overlapping clones were isolated that corresponded to one of the cellular RNAs whose sequence was not found in a BLAST search.
All of the cellular RNAs that were induced at 8 hr after infection proved to be interferon-inducible (Table 1 and Fig.  2C ). We presume that they are induced by HCMV infection at the level of transcription as is the case when their accumulation is induced by interferon, but we have not yet determined that. A complete cDNA corresponding to one of the interferoninducible RNAs (cig49) has been cloned and sequenced. It is related to ISG54K (24) . One of the partial cDNA sequences (cig42) also appears to be related to ISG54K, and the other four are not related in their primary sequence to known genes.
We were concerned that the cellular RNAs identified in the screen might be induced by interferon or another contaminant of the virus preparations, but a variety of observations argue that the induction is mediated by virus particles. The most direct evidence supporting this view derives from neutralization experiments (Fig. 3B) , and the timing of the induction is not consistent with a role for interferon (Fig. 5) . Further, it is unlikely that the induction involves a small molecule other than interferon in the virus preparations because the inducing activity fractionated with the virions (Fig. 3A) . We have ruled out the possibility that interferon or another signaling molecule is synthesized by infected cells and secreted to act at the cell surface, because the interferon-responsive mRNAs are induced in the presence of cycloheximide (Fig. 3A) . Finally, experiments in which infected cells were mixed with uninfected cells (Fig. 4B) argue that pre-existing stores of a signaling molecule are not released after infection with HCMV to act at the cell surface and initiate a signal cascade. A constituent of the virus particle, rather than a viral gene product synthesized after infection, mediates the induction because UV-irradiated particles that fail to express immediateearly mRNAs (Fig. 1) can sponsor the accumulation (Fig. 2 A) . We currently are working to identify the inducer and its mode of action.
Three different strains of HCMV strongly induced the accumulation of interferon response RNAs (Fig. 3A) , and the AD169 strain was shown to induce these RNAs in HF cells prepared from three different tissue samples (data not shown). Adenovirus did not induce and HSV-1 generated a very weak induction (Figs. 3A and 5) . Thus, the relatively strong HCMVmediated induction is not a general feature of infection by DNA viruses. Adenovirus has been shown to block the induction of interferon response genes through the action of its E1A proteins (41) (42) (43) . However, an E1A-deficient adenovirus mutant, dl312 (21) , also failed to induce the genes (data not shown). In contrast HSV-1 has been shown to induce the production of interferon ␣ in human peripheral mononuclear cells (44) (45) (46) . So the weak induction observed in HSV-1-infected HF cells might result from a direct induction of interferon-responsive genes, from the production of doublestranded RNA that can induce the genes or from the initial induction of interferon ␤ with a subsequent general induction of interferon-response genes as the secreted interferon acts at the cell surface. Besides the strength of induction, the HSV-1-and HCMV-mediated reactions differ in another important respect. HCMV induces interferon-response mRNAs very early during its replication cycle in HF cells (Fig. 5 ), beginning about 20 hr before the onset of viral DNA replication. In contrast, the induction observed for HSV-1 occurs later during its more rapid replication cycle (47) .
Apparently, in contrast to some other viruses, HCMV has not evolved the means to block the induction of many interferon-inducible mRNAs. The antiviral actions of the induced cellular products might be antagonized by viral products at a posttranscriptional level. Alternatively, HCMV might activate these genes as part of a strategy to slow and minimize the extent of its replication within an infected host. Such a strategy, together with the ability to undergo latency, could facilitate the long-term association of the pathogen with its host. It is also possible that the virus uses a component of the interferonresponse pathway to activate its own genes.
